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Abstract : Using our recently published theoretical model for proton impact ionization of Ar {P/tvs Rev. A68 052702 (2003)). we calculate 
here the double differential cross sections for the same system at various ejected electron energies and angle of election. Results are compared with 
available measurements and other calculated results. It is found that our results agree reasonably well with the measurement in the binary encounter 
region but slightly overestimate the measurement around the recoil peak. At 350 keV impact energy we have calculated double differential cross 
sections for outgoing electron energies at (a) 46 eV, (b) 100 eV and (c) 308 cV. All three cases exhibit similar behaviour.
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1. Introduction
Ionization o f  a to m s b y  h e av y  p a rtic le  im p ac t h av e  rece ived  
much a t te n tio n  to  th e o re t ic ia n s  a s  w e ll a s  to  th e  
experim entalists d u e  to  m a n y  in te re s tin g  b e h a v io u r  in the 
ingular and  e n e rg y  d is tr ib u tio n  o f  th e  e je c te d  e le c tro n s , 
in the en erg y  d is tr ib u tio n  o f  e je c te d  e le c tro n s , w h en  
outgoing e le c tro n  v e lo c ity  m a tc h e s  w ith  th e  p ro jec tile  
velocity, a sh a rp  p e a k  a p p e a rs  an d  it is k n o w n  as  th e  
dcctron ca p tu re  to  th e  c o n tin u u m  (E C C ) p eak . S in c e  it’s 
discovery in 197 0  th e  E C C  p e a k  [J ]  w a s  k n o w n  to  o c cu r 
at zero d eg ree  e le c tro n s  a n d  a t e q u a l v e lo c ity  o f  the 
projectile a n d  th e  e je c te d  e le c t r o n .  B o th  o f  th e s e  
characteristics h a v e  n o w  b e en  c h a n g e d  b e c a u se  o f  tw o  
recent m e asu re m en ts  [2,31 a n d  th e re b y  g e n e ra te d  new  
‘nteresl w ith in  th e  a to m ic  p h y s ic s  c o m m u n ity . S a rk a d i et
[2] show ed  fo r  th e  p ro to n - im p a c t  io n iz a tio n  o f  A r  th a t 
ECC cusp d o  o c c u r  fo r  n o n -z e ro  d e g re e  e le c tro n s . O n  the 
other hand, S h a h  a n d  c o w o rk e rs  [3] re p o r te d  an  E C C  
at an e lec tro n  v e lo c ity  s lig h tly  le ss  th a n  th e  p ro jec tile  
'velocity in 10 k e V  a n d  2 0  k e V  p ro to n  o n  h e liu m  an d  
hydrogen m o le cu le . In  th e  a n g u la r  d is tr ib u tio n s  o f  the  
^^igoing e lec tro n , tw o  p e a k s  a re  e x p e c te d  to  a p p e a r  : o n e
is ca lled  the  b in a ry  e n c o u n te r  p e ak  an d  th e  o th e r  is 
kno w n  as  reco il peak . T h e s e  d o u b le  d iffe ren tia l c ro ss  
sec tio n s  g iv e  fa r m o re  in s ig h t th a n  th e  c o ire sp o n d in g  
to tal ion ization  c ro ss  sec tio n s. F o r  ex am p le , th e  d iffe ren tia l 
c ro ss  sec tio n  a llo w s  us to  s tu d y  th e  d y n a m ic s  o f  a  f re e  
e le c tro n  in th e  f ie ld  o f  tw o  C o u lo m b  p o te n tia ls .
In the  p resen t c a lc u la tio n , w e  sha ll c o n c e n tra te  on  th e  
an g u la r  d is tr ib u tio n s  o f  th e  e je c te d  e le c tro n  w ith  d if fe re n t 
m o m en ta  at a  fix ed  p ro je c tile  en ergy . M e a s u re m e n t o f  
th e se  an g u la r  d is tr ib u tio n s  w e re  c a rr ie d  o u t b y  S a rk a d i et 
al [4 ] an d  R udd  et at [5 ]. O n  th e  th e o re tic a l s id e  
F a in ste in  et al [6 ] an d  G u ly d s  et al |7 ]  r e p o r te d  re su lts  
o f  a n g u la r  d is tr ib u tio n s  fo r  p ro to n  im p a c t io n iz a tio n  o f  
A r u s in g  c o n tin u u m -d is to r te d -w a v e  e ik o n a l in itia l s ta te  
(C D W -E IS ) a p p ro x im a tio n  d e v e lo p e d  b y  C ro th e rs  an d  
M cC an n  [8J. T h e  C D W -E IS  re su lts  o f  F a in s te in  et al (6 J 
sh o w  v e ry  g o o d  ag re e m e n t w ith  th e  m e a su re m e n t o f  
R u d d  et al [5]. H o w ev e r, e x p e r im e n ta l v a lu e s  a t  fo rw a rd  
(b e lo w  20®) an d  b a c k w a rd  (a b o v e  1 40 °) an g le s  a re  n o t 
av a ilab le . T h e o re tic a l re su lts  fo r  th e se  a n g u la r  re g io n s  
show  la rge  d isa g re e m e n t a m o n g  th e  v a rio u s  c a lc u la tio n s  
an d  m o tiv a ted  u s to  s tu d y  th e  a n g u la r  d is tr ib u tio n s  fo r
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p ro to n  im p a c t io n iz a tio n  o f  Ar. In  a rece n t c a lcu la tio n  
B h a tta c h a ry a  et al [9] h a v e  re so lv ed  the  low  en e rg y  
d isc rep a n cy  fo r  th e  to ta l io n iz a tio n  c ro ss  sec tio n s  o f  A r 
by  p ro to n  im p ac t. H ere , w e ap p ly  th e ir  m od el to  ca lc u la te  
the  d o u b le  d iffe ren tia l c ro ss  sec tio n s  as  a  fu n c tio n  o f  th e  
e je c tio n  an g le  o f  th e  io n iz ed  e le c tro n . In  w h a t fo llo w s, 
the  d e sc rip tio n  o f  th e  th e o re tic a l m o d el u sed  in th e  
cu icu la tio n .
2 . T h e o r y
In the p resen t investigation , w e have em p lo y ed  o u r recen tly  
p u b lish e d  th e o re tica l m o d e l to  in v e s tig a te  the  d o u b le  
d iffe ren tia l c ro ss  sec tio n s  fo r p ro to n  im p a c t io n iz a tio n  o f  
3 p -e le c tro n s  in Ar. D e ta ils  o f  the  th e o re tica l m o d el a re  
g iven  by B hattacharya  et al [9] and  o n ly  a b r ie f  descrip tio n  
is p resen ted  here . H o w ever, the  ev a lu a tio n  o f  the  tran sitio n  
m a trix  e le m e n t is ra th e r  tr ick y  an d  w ill be p re se n te d  he re  
in g re a te r  d e ta ils  in th e  n e x t sec tio n . F o r th e  p re sen t 
m o d el it is a s su m ed  th a t th e  in te ra c tio n  b e tw ee n  the  
ac tiv e  e le c tro n  an d  th e  re s id u a l ion  is g iv en  by
= -  —  L + {(^ -  « A )+  ^ 'a }]
w h ere  qA is  th e  a sy m p to tic  c h a rg e  o f  th e  re s id u a l ta rg e t 
io n , Z  is th e  n u c le a r  c h a rg e  o f  th e  ta rg e t an d  is the  
d is ta n c e  o f  th e  a c tiv e  e le c tro n  fro m  th e  n u c le u s  o f  the  
sam e. T h e  p a ram ete rs  b an d  A a re  d e te rm in ed  va ria tio n a lly  
w ith  re sp e c t to  th e  S la te r  b a s is  se t.
F o llo w in g  B h a t ta c h a ry a  et al [9 ] , th e  t r a n s i t io n  
am p litu d e  can  be  e x p re sse d  as
drdt (1)
w h e re  th e  B o m  in itia l s ta te  is  g iv e n  b y
w h ich  is  an  e ig e n  s ta te  o f
H e re , a n d  r  a re  th e  p o s itio n  v e c to rs  o f  th e  a c tiv e  
e le c tro n  w ith  re sp e c t to  th e  ta rg e t n u c leu s  a n d  th e  m id ­
p o in t o f  tw o  n u c le i re sp ec tiv e ly , e  re p re se n ts  th e  e ig e n  
e n o g y  o f  th e  ac tiv e  e lec tro n  in  a  s ta te  h av in g  th e  q u a n tu m
n u m b ers  n, 1. m; v is  th e  v e lo c ity  o f  th e  pro jec tile  with 
re sp e c t to  th e  ta rg e t.
T h e  c o rre sp o n d in g  H a m ilto n ia n  in  th e  f in a l channel is 
g iv e n  by
w h e re  rg re fe rs  to  th e  d is ta n c e  o f  th e  e le c tro n  from the 
p ro jec tile  a n d  the  a s so c ia te d  w a v e  fu n c tio n  tak es  the form
•FJ. = { i n Y ^ N . N ^ e ^ ^ . F M B ^ A k B r B
X , F ,  {IUa +  * A  .
w h ere  Ug = •
an d
, a .  = - ^ - ^  , k n  = *■
Al, =<>-*“ * 'V O + i a g ) .  /V 2 = e '’” ^ ' ^ r ( l + / a J
w ith  Zg a s  th e  n u c le a r  c h a rg e  o f  th e  p ro je c tile  and <1, js 
th e  a sy m p to tic  c h a rg e  o f  th e  ta rg e t io n . W h ile  deriving 
eq . ( 1), w e h av e  u sed  th e  im p a c t p a ra m e te r  formalism 
a n d  tre a te d  th e  in te r-n u c le a r  s e p a ra tio n  c la ss ica lly  through 
R = p + vt, w ith  p b e in g  th e  im p a c t pa ram ete r. Here, ihc 
tim e  h a s  b e en  m e a su re d  fro m  th e  in s ta n t w h en  the two 
n u c le i a re  a t th e ir  c lo se s t a p p ro a c h . O b v io u s ly , the initial 
c o n d itio n  is  g iv e n  b y  th e  fa c t th a t  Tflp) ten d s  to zero as 
t e q u a ls  to  n e g a tiv e  ir if in ity  a n d  th e  probability  
io n iz a tio n  is  7'^(f =  + " ) |  .
T h e  d o u b le  d i f f e r e n t ia l  c r o s s  s e c t io n s  are  then 
e x p re ss e d  as
d ^ a
d E ,d Q ,
= k j j \ T f l i p f d p _ (2)
2.1. Evaluation of Tffp) :
In  o rd e r  to  e v a lu a te  th e  tra n s itio n  m a tr ix  elem ent, we 
h a v e  p la c e d  th e  c e n tre  o f  o u r  re fe re n c e  f ra m e  a t the mid­
p o in t o f  th e  tw o  n u c le i. T h is  c h o ic e  g a v e  us some 
ad v a n ta g e  to  e v a lu a te  s o m e  o f  th e  in te g ra ls  analytically I' 
is  to  b e  n o te d  h e re  th a t th e  f in a l s ta te  w a v e  function in 
th e  p re s e n t m o d e l d if fe rs  fixim  th e  e m re sp o n d in g  wave 
fu n c tio n s  u se d  in  th e  C D W -E IS  m o d e l, w h ich  retiulted 
f ro m  th e  d if fe re n t c h o ic e  o f  c o o rd in a te  system . The
tra n s itio n  m a tr ix  e le m e n t c a n  b e  e x p re s s e d  as
7 > (F ) = -A ^ rA ^ 2 ( / |+ /2 ) .
(3)
Angular distribution fo r  the proton irnpact ioniuition o f  3p-electrons in Ar 1081
w h e re
I
I = f i«i cosO
•' M
4n^
and
^ t ; '“^~ '{i2 -\T *d i2> ij'd t, 
such that
I X
co sO , ,> [  ,kr / /   ^  ^ / /
•' ’ J = je  cx p (/(i„ f„+ * j,/g > |)x ex p (/(l:^ r^+ * ^ /^ )r2 )
With
'li'A
dr
l^l( )) ’
r(f)= '
Ahn
'•fl
with E ~  
reduces to
2
k-
“ "r  ^ and K  = k ■¥ v l l ,  and finally J'
Z o
and
' - f —n H A - i
iQ.R
JQ
“I----iBt—v.r
f , = .  < !
/, and can be readily evaluated by noting that we 
have two integrals of the form :
{ A -B l , \C -D t2 )  
with A = i f i - K I 2 f ,  B = - 2 k B . { Q - K H ) ,
C = (0 + # : / 2 f + A ^
and D = 2/AA^+24^.^  + A /2 ), with 5 -> () .
= J « * 4 ) i« iV ''^ 'c o s 0 4 d r d /
; = J  8k' {^t)\ co&d^tirdt
can b( 
of the form,
f <—
= e ' w i t h  / r 0
 ^ rA^B
and ^ 0, such that J\ and J 2 can be generated from J
in the following manner :
If the Z-axis is chosen along the direction of v, the 
three dimensional vectors Q  and K  can be represented in 
and the following manner : 0  = 2: + P  and it = ^
where p  and q are two dimentional vectors. Also, after 
performing the contour integration over t\ and and then 
evaluating the time integral in J, we are left with the 
which e evaluated by considering a single integral expression
J  = 4 J {A -  B p  (C -  D p  d p .
Finding J, J\ and J2 can be obtained from eq. (4) and so 
using eq. (3), the double differential cross section can be 
evaluated from eq. (2).
3. Results an d  discussions
/ -  * Applying the above theoretical model, we have calculatedand ^  rr^ o
_^>o,5-K» * ;i-+otf-»o the double differential cross sections for proton impact
ionization of 3/>-electrons of Ar. It has now been 
established both iby calculations [8-10] and measurements
, 1  a v
h s , d x
1 d^J
(4)
evaluating J, use has been made of the Fourier [II-14] of various targets that outer shell ionization gives 
'’^ nsform technique and the contour integral representation the dominant contribution. We have therefore, compared
°f the confluent hypergeometric functions contained in |gj our results of 3p ionization with the total (from all shells)
and thus we nh»«in differential cross sections of other theoretical as well as
1082 S B h attacharya , K  B C houdhury, N  C  D e b  a n d  K  R o y
m e a su re m e n ts . In  F ig u re  1, w e p re s e n t o u r  d o u b le  
d iffe ren tia l c ro ss  sec tio n s  a lo n g  w ith  the  m e asu re m en t o f  
R udd  et al [5] and  th eo re tica l re su lts  o f  F a in ste in  et al
[6] as  a func tio n  o f  the  e je c tio n  an g le  o f  the  o u tg o in g
(/)
CO
o
oo
CO
><D
(0
a
CO
>Q)
CO
8
o
10-'®
10-20
io-’«
60 120 
Oi(deg)
180
10-20 ^
10-21
60 120 
8 t(deg)
io-»i —
120 180
6 ,(deg)
Figure 1. Double difTeieniial cross sections for electron emission at election 
eneigies: (a) 46 eV, (b) 100 eV and (c) 308 eV. Incident ])ioton velocity was 
taken to be 350 keV. The solid curve: present results, short dash: CDW-E1$ 
results of Fainstein el al [6] and long dash : plane wave Bom results of 
Fainstein et a l [6] using the method of Madison and Manson [IS]. 
Experiment: Rudd el al (5].
e le c tro n . T h e  p ro je c tile  v e lo c ity  c o n s id e re d  w as 350 keV 
an d  a t th ree  e le c tro n  v e lo c itie s  : (a ) 4 6  eV. (b) kk) gy 
an d  (c) 308  eV . In  a ll th re e  f ig u re s , th e  solid  curve 
re p re se n ts  p re sen t re su lts . T h e  s h o r t a n d  long  dash are 
th e  C D W -E IS  an d  p la n e  B o m  re su lts  o f  F ainste in  ei al
[6 ] re sp ec tiv e ly . T h e  p la n e  B o ra  re su lts  w ere  calculated 
fo llo w in g  M ad iso n  an d  M a n so n  |1 5 ]  b u t w ith  a screened 
h y d ro g e n - lik e  w av e  fu n c tio n . T h e  C D W -E IS  results of 
F a in s te in  et al {6 J g iv e  th e  b e s t a g re em en t with the 
m e asu re m en ts . H o w ev e r, it is in te re s tin g  to  note tliai 
m e asu re m en ts  b e lo w  2 0 °  o r  a b o v e  150° a re  no t available 
It is th e se  a n g u la r  ran g e s  w h e re  the  p re se n t resu lts  dillet 
w ith  C D W -E IS  re su lts  s ig n if ic an tly . W h ile  below  2(1 
p re se n t r e s u lts  u n d e re s tim a te  C D W -E IS  resu lts , the\ 
o v e r e s t i m a t e  th e  C D W - E I S  r e s u l t s  a b o v e  I50 ' 
N e v e rth e le ss , th e  d if fe re n c e  b e tw e e n  th e  tw o  calculations 
is re d u c e d  a t 308 e V  o u tg o in g  e le c tro n  ex cep t at higher 
an g le s  (F ig u re  1(c)). S im ila r  tren d  is  a lso  no ted  for then 
p lan e  B o m  re su lts  w ith  sc re e n e d  h y d ro g en -lik e  wave 
fu n c tio n s . T h e  fin a l s ta te  w a v e  fu n c tio n  in the present 
m od el d iffe rs  w ith  th a t o f  C D W -E IS  m ode! only in the 
ch o ic e  o f  th e  c e n tre  o f  the  re fe re n c e  f ra m e , w h ich  .should 
be in v a ria n t u n d e r  G a lile a n  tra n s fo rm a tio n . T h e  diftereiia 
in the  in itia l s ta te  w a v e  fu n c tio n  sh o u ld  hav e  minimum 
e ffe c t a t the  im p a c t en e rg y  c o n s id e re d  he re . H ow evei, the 
c h o ic e  o f  in te ra c tio n  p o te n tia l in th e  tw o  calculations and 
th e  ass(x ;ia ted  ta rg e t w a v e  fu n c tio n  is p e rh a p s  responsible 
fo r  the  d iffe ren c e  in re su lts  o f  tw o  m o d e ls . Fainstein ci d  
[61 c o n s id e re d  the  in te ra c tio n  b e tw ee n  th e  ac tive  electron 
an d  th e  p a ss iv e  e le c tro n s  a v e ra g e d  o v e r  the  passive 
e le c tro n  w av e  fu n c tio n . T h e  in te ra c tio n  in the present 
m o d e l, on  th e  o th e r  h a n d , c o n ta in s  a  lo n g -ran g e  part to 
a c c o u n t th e  C o u lo m b  in te ra c tio n  b e tw e e n  the active 
e le c tro n  an d  th e  ta rg e t c o re  an d  a  sh o rt-ra n g e  pari to 
a c c o u n t the  d is to r tio n , th e  c o rre la tio n  an d  indeed  other 
e ffec ts  o f  th e  p a ss iv e  e le c tro n s . T h e  ac c u ra c y  o f  the wave 
fu n c tio n  w a s  a lso  te s te d  b y  th e  v iria l th e o re m  to  within 
0.01% .
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